We present here an optical approach to boost the apparent pixel density by utilizing the superimposition of two shifted-pixel grids generated by a Pancharatnam-Berry deflector (PBD). The content of the two shifted pixel grids are presented to the observer's eye simultaneously using a polarization-multiplexing method. Considering the compact and lightweight nature of PBD, this approach has potential applications in near-eye display systems. Moreover, the same concept can be extended to projection displays with proper modifications.
and stacking displays have been developed [9] [10] [11] . Although they are able to offer higher pixel density, using multiple display panels usually causes decreased aperture ratio and lower optical efficiency.
In this paper, an optical approach based on polarization multiplexing instead of time multiplexing in our previous work [12] is proposed to enhance resolution density without compromising frame rate. This approach consists of separating each physical pixel spatially into two virtual pixels with subpixel precision using a passive polymer-based PancharatnamBerry phase [13, 14] deflector (PBD) [15] [16] [17] [18] and thus creating a new apparent pixel grid with smaller effective pixel pitch. Moreover, a pixelated polarization management layer is used to determine the separation ratio between two virtual pixels; thus both virtual pixel grids could display desired image content simultaneously without sacrificing frame rate. With our approach, the higher pixel density the display panel has, the more enhancement there will be. And it could also be easily integrated into foveated display systems due to its simple and compact optical structure.
Operation principle
The operation principle of our approach is to separate each original pixel into two virtual pixels optically and thus create a new pixel grid with higher pixel density, as Fig. 1 illustrates. For a display panel with pixel pitch P , the diagonal shifting length from original pixel to virtual pixels should be 2 / 4 P , so that a new pixel grid with half a pixel pitch can be generated. In a VR system, the light from each pixel is collimated by a refractive lens before entering the observer's eye, as Fig. 2 depicts. In other words, the different locations of each pixel are mapped onto different directions of a collimated light beam. Therefore, instead of mechanically shifting the display panel, it is also possible to get the desired image displacement by changing the direction of light after the collimating lens. A grating can achieve this functionality. Here, a PBD in the Raman-Nath regime [19] is chosen to function as the pixel separation component, considering its high diffraction efficiency in the ± 1 orders and polarization selective nature. Polymer based PBDs have shown great potential for display applications [20] [21] [22] because of its nearly 100% diffraction efficiency [23, 24] and fabrication simplicity [25] [26] [27] [28] [29] [30] [31] . Figure 3 illustrates the liquid crystal orientation and characteristic polarization selectivity of a PBD. If an unpolarized light or linearly polarized light is incident on a PBD, then the left-hand and right-hand circularly polarized (LCP and RCP) component is deflected into + 1 and −1 order, respectively. Making use of the polarization selective nature of PBD, the brightness separation ratio between two virtual pixels can be tuned by modulating the ratio between LCP and RCP fraction of input light using a pixelated polarization modulation layer (PML). Each pixel of the PML is a twisted nematic liquid crystal cell, applied to change the polarization state of the output beam. With pixelized intensity and polarization modulation from the display panel and PML, the pixel value of the two separated pixels from an original pixel can be assigned independently and simultaneously. Thus, the desired image content can be displayed on the two virtual pixel grids at the same time, as Fig. 4 shows. Without a pixelated PML, the PBD may still help to fill the black matrix but does not enhance the resolution because the two orthogonal polarizations share the same image content. 
Experiment

Pancharatnam-Berry deflector
Photo-alignment method is applied to fabricate the PBD. A thin photo-alignment film (Brilliant Yellow, from Sigma-Aldrich) was spin-coated on a glass substrate. The coated substrate was directly exposed by the desired interference pattern generated by the circularly polarized beams with opposite handedness. To minimize environmental perturbations during the device fabrication process, a modified Sagnac interferometer was applied to fabricate the PBD [25] , as Fig. 5 shows. The collimated linearly polarized laser beam (λ = 457 nm) is split into two beams with TE and TM polarizations by a polarizing beam splitter (PBS). Both beams emerging from the PBS travel around all three arms in opposite directions and recombine with each other at the PBS. Then the TE and TM beams are converted to LCP and RCP with only one quarter-wave plate. This common-path exposure design for PBD is robust to environmental vibrations, offering excellent contrast and fringe stability yet with a reduced requirement in laser coherence length, which increases the yield rate of high-quality PBD with a lower-cost laser. After exposure, the substrate was coated with a diluted liquid crystal (LC) monomer (RM257), whose thickness satisfies the half-wave requirement at green wavelength, and then cured by a UV light, forming a cross-linked LC polymeric grating film. More details about PBD fabrication procedures are described in [25] .
Image factorization
In order to generate two low-resolution images for the virtual panels, an optimization process is constructed to achieve the desired high-resolution image [12] : 1   2  1  2   2 arg min , , ,
where T is a vector made up of the pixel values from the target high-resolution image to be displayed, M is the mapping matrix between image contents on the two virtual panels ( 1 V and 2 V ) and generated image R from the proposed system. Without losing generality and for a simple example, the mapping procedure is demonstrated in Fig. 6 . The pixel values are rearranged as vectors in the manner shown in Fig. 6(a) . In this case, the elements in the 9 th row of mapping matrix M , corresponding to the 9 th pixel in the high-resolution image, are zeros except for the 2 nd and the P + 6 th columns, representing the pixel locations to be added in two virtual panels. For a high-resolution input image, it is factorized into two lowresolution images by Eq. (1). Then, the calculated pixel values from two virtual panels are compared to determine the luminance separation ratio for each pixel. The separation ratio is then passed to a calibrated PML to generate needed polarization states for each pixel. Meanwhile, the pixel values from two virtual panels are added together and then passed to the display panel to provide total needed luminance before pixel separation. The algorithm here is developed for the square pixel lattice, but the principle can be applied to other pixel arrangements such as PenTile TM matrix for OLED. Without the algorithm, the overlapping of shifted pixels may lead to considerable crosstalk between adjacent pixels, especially for the panels with a large aperture ratio. 
Polarization modulation layer
Several methods have been developed to modulate the polarization state (LCP/RCP ratio) of light from each pixel, among which the combination of a polarization rotator (PR) and a quarter-wave (λ/4) plate is commonly used, as shown in Fig. 7 . Firstly, the orientation angle of linearly polarized light from the display is rotated by PR, such that the desired separation ratio is embedded as the TE/TM ratio. After that, all the polarized lights with different orientation angles are converted to elliptically polarized beams by the λ/4 plate. In this way, the TE/TM ratio are remapped as LCP/RCP ratio, which is the intrinsic orthogonal polarization pair of PBDs. As a proof of concept, in the demonstration system, a pixelated twisted-nematic (TN) LC panel and a λ/4 plate are combined to work as the PML. The TN LC cell is acquired by peeling off a polarizer from an LCD panel. TN LCD [32] has been widely used in the display industry for its broadband performance, and here it works as a PR to rotate the polarization orientation angle. With linearly polarized input, the polarization state of the output beam from a TN cell can be tuned by applying a different voltage across the cell. It should be noticed that, although the output light is no longer linearly polarized, the ratio between TE and TM polarizations can still be tuned through the TN polarization rotator. 
Results and discussions
In the experiment, a resolution target 'Siemens star' was used as an example to demonstrate the resolution enhancement effect. The display panel and the PML have a resolution of 800x480 and a size of 5 inches. The focal length of the viewing lens is 55 mm, and the period of the fabricated PBD is controlled to be ~0.6 mm for the desired shift. In comparison with the apparent image captured at the original resolution [ Fig. 8(a) ], the resolution enhancement is clearly observed, especially at the sloped contours [ Fig. 8(b)] . Moreover, the screen-door effect is significantly reduced, and the boundaries between pixels are not so apparent as the original image. It should be mentioned that the PML adapted from a commercial LCD panel is not designed for polarization modulation, which may lead to some crosstalk between adjacent pixels, depending on the distance between the definition layers of PML and the display panel. A display panel with relatively confined angular intensity distribution could be helpful to reduce the pixel crosstalk. Besides, as a common issue for cascaded panels, Moiré patterns induced by the similar spatial frequency of display panel and PML may decrease the image quality, although it is not very apparent in our experimental results. Additional optical engineering may be needed to eliminate the Moiré patterns, such as using a diffuser film in between two panels [33] . Moreover, the PBD can also be placed between the PML and the lens in Fig. 4 , reducing the angle of incidence on it, which can be helpful to avoid reduced diffraction efficiency of PBD at oblique incidence. Since the grating period of PBD utilized here is around one thousand times longer than the visible wavelength, the chromatic dispersion of deflection angle induced by PBD is negligible. Although the off-axis shifting angle of PBD is different from the on-axis one, a corrected image is still achievable through an improved image rendering process together with the digital aberration correction for the eyepiece lens. 
Conclusion
A resolution enhancement method for near-eye display system is proposed and experimentally validated. This system, benefiting from the polarization selective nature of PBDs, can provide high-resolution images for viewers without sacrificing the display frame rate. The screen-door effect is also significantly reduced since the original black matrix is now filled by shifted pixels. The proposed resolution enhancement method has potential applications for projection and near-eye displays.
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